We present results from a molecular dynamics simulation of benzene dissolved in the mesogen 4-n-pentyl-4Ј-cyanobiphenyl ͑5CB͒. The computer simulation is based on a realistic atom-atom potential and is performed in the nematic phase. Singlet orientational distribution functions are reconstructed from order parameters employing several methods, and the estimated distributions are compared with those obtained directly from the trajectory. Transport properties have been studied by calculating translational diffusion coefficients in directions both parallel and perpendicular to the liquid crystalline director. The simulated diffusion coefficients were found to be of the same order of magnitude as those measured in experiments. Second rank orientational time correlation functions are used to investigate molecular reorientations and significant deviations from the small step rotational diffusion model are established. Molecular structure and internal dynamics of 5CB have been examined by correlating the time dependence of dihedral angles with effective torsional potentials.
I. INTRODUCTION
Computer simulation is an increasingly important tool in the study of fluid matter which exhibits long range orientational order.
1 For example, liquid crystals belong to this category of phases. The explosive development of computer power during the last decade has made it possible to investigate both thermodynamical and molecular properties of ordered systems. When the main purpose is to study bulk behavior such as phase transitions, it is often sufficient to use very simple interaction models. The molecules are in these cases represented as rigid particles with an anisotropic shape.
2,3 However, when the computer simulation aims at describing molecular organization, structure and dynamics in great detail, realistic atom-atom potentials must be employed. 4, 5 It is also possible to use a hybrid between these two approaches. Palke et al. have introduced a computational efficient method to study solutes in a model liquid crystalline solvent by combining the simple Gay-Berne potential with the more elaborate Lennard-Jones site-site potential. 6 Recently, 7 we reported a molecular dynamics ͑MD͒ simulation of a liquid crystalline mixture consisting of benzene and 4-n-pentyl-4Ј-cyanobiphenyl ͑5CB͒. ͑See Fig. 1 .͒ The computer simulation was carried out in the nematic phase and used realistic atom-atom potential functions. The purpose was to study orientational order and the structure of the mesophase. In this article, a further analysis of this trajectory is presented. We discuss briefly different ways of estimating orientational distribution functions in ordered systems. The main objective here, however, is to examine various dynamic processes.
The rotational motions present in a real mesophase have important contributions from overall molecular reorientation, director fluctuations, and, in the case of a flexible molecule, conformational changes due to internal motions. The stochastic molecular tumbling and the internal dynamics take place on a similar timescale. This fact makes experimental studies of the rotational motion of flexible molecules exceedingly difficult. 8 Moreover, the experimental data must be interpreted within a theoretical framework and the resulting motional parameters will, of course, depend on which model we use in the analysis. These problems are avoided in an MD simulation. We can easily investigate internal and overall dynamics separately, and perform tests of models commonly employed in analyses of experimental data.
The outline of this article is as follows. The computational details are briefly summarized in Sec. II. In Sec. III we compare two different ways of reconstructing the singlet orientational distribution from the second rank and fourth rank order parameters. Translational motion is treated in Sec. IV while molecular reorientation is studied in Sec. V. Finally, Sec. VI contains a discussion of molecular conformation and internal dynamics of the 5CB nematogen.
II. COMPUTATIONAL DETAILS
The MD simulation of the liquid crystalline mixture was performed in a rectangular cell containing 110 5CB and 10 benzene molecules. All carbon-hydrogen fragments were modeled as single interaction centers ͑i.e., as united atoms͒. The simulation was carried out in the nematic phase at a constant temperature of 290 K, and at a density of 0.95 g cm Ϫ3 . The system was equilibrated for 1.0 ns, followed by a 510 ps production run. The full details of the simulation procedure, force field parameters, and data analysis have been described elsewhere. 7 We have also performed a molecular dynamics simulation of neat benzene in the isotropic liquid phase at 300 K.
The cell contained 216 molecules and the density was 0.87 g cm Ϫ3 . Except for the absence of partial charges, all interaction parameters describing benzene are identical to those employed for the aromatic rings in 5CB. The total length of this simulation was 200 ps, which included a 100 ps equilibration period. All calculations were carried out on an IBM RISC6000/355 computer using an optimized code written in this laboratory. 
III. LONG RANGE ORIENTATIONAL ORDER
The long range orientational order characteristic of liquid crystals is traditionally quantified in terms of order parameters. Although useful, these quantities are merely average values of various geometric functions ͑see below͒. Consequently, they do not fully characterize the molecular organization in the mesophase. At the single molecule level the most complete description of the order is instead provided by the singlet orientational distribution function f . 10 Unfortunately, f is only in exceptional cases accessible directly from experiments. 11 A relevant question in this context is, therefore, if it is possible to reconstruct the distribution function from a small number of measured order parameters. To answer this question, different strategies have been employed to estimate f from the molecular order parameters. The calculated orientational distribution functions ͑ODFs͒ are then compared with those obtained directly from the MD simulation. Such considerations are expected to be important not only in studies of liquid crystals, but also in structural investigations of oriented biopolymers. 12 We will in this article treat the 5CB molecules as rigid, axially symmetric particles. This assumption is clearly not strictly valid, but has proven to be a reasonable model of 5CB. 7 For such objects in a nematic phase, f will only depend on the angle ␤ between the unique molecular symmetry axis, z and the director, n. The z-axis of a solvent molecule was chosen to coincide with the para axis, whereas the sixfold symmetry axis defines the z-axis for benzene. General procedures for locating the mesophase director and calculating order parameters in a computer simulation are described in Ref. 7 .
The ODF can formally be expanded in terms of a complete basis set. If the Legendre polynomials P L (cos ␤) are employed, we may write
͑1͒
where the normalization condition and the orthogonality of the Legendre functions have been used. 13 Due to the headtail symmetry of the nematic phase, only even functions appear in the expansion. The averages of the Legendre polynomials ͗P L ͘ (L Ͼ 0) constitute the infinite set of order parameters. All of them are zero in an isotropic phase, whereas in a system of perfectly aligned molecules they all take the limiting value of one. Explicit expressions for the second rank and fourth rank order parameters are listed below; some to interpret. Order parameters of higher rank than four have proven to be extremely difficult to determine experimentally. 17 We will, therefore, restrict the discussion to ͗P 2 ͘ and ͗P 4 ͘.
The MD simulation does, of course, provide all order parameters. By calculating the lower members of these for 5CB and benzene at each time step, and then averaging over the whole production run the following result was obtained; is negative. This is definitely not an acceptable behavior of a probability distribution. The knowledge of both ͗P 2 i ͘ and ͗P 4 i ͘ improves the ODF estimates. However, the agreement between calculated and real curves describing 5CB is still far from perfect ͓Fig. 2͑a͔͒. The situation for the solutes, which are less ordered than the solvent molecules, is much better ͓Fig. 2͑b͔͒. The three term distribution does in this case describe the ordering satisfactory. As expected, this shows that the orthogonal expansion in Eq. ͑1͒ converges more rapidly for systems of low order. 13 Another way of estimating f (␤) is to assume that the ODF can be written as
where Q is a normalization constant
The adjustable parameters a L are found by fitting the order parameters to the right-hand side of Eqs. ͑2͒ and ͑3͒. The reason for choosing an exponential function is that the maximum-entropy ͑ME͒ principle as well as mean field theory predict this functional form. 13, 18 Moreover, this type of ODF fulfils the condition of always being positive. Results from least-squares fits of the known molecular order parameters to the distribution in Eq. ͑4͒ are shown in Fig. 3 . The coefficients a L derived from this analysis are given in Table I . In this case, knowledge of ͗P 2 i ͘ alone is quite sufficient to obtain an orientational distribution function which agrees with the ODF extracted directly from the trajectory.
This holds for both 5CB and benzene. Including ͗P 4 i ͘ in the fitting procedure yields only a slight improvement between the estimated and true distributions. From this we may conclude that the form of ODF in Eq. ͑4͒ is superior to the orthogonal expansion in Eq. ͑1͒.
IV. TRANSLATIONAL DIFFUSION
The anisotropic translational diffusion in ordered media can be described by a second rank tensor. In uniaxial liquid crystals this tensor is diagonal and axially symmetric with principal values D ZZ ϭD ʈ ͑the diffusion coefficient parallel to the director͒ and D XX ϭD Y Y ϭD Ќ ͑the diffusion coefficient perpendicular to the director͒. In nematic mesophases it has been found that the diffusion parallel to n is faster than that perpendicular to n. 19 FIG. 3. Singlet orientational distribution functions for ͑a͒ 5CB and ͑b͒ benzene. Solid lines correspond to simulated distributions whereas dashed lines represent estimates obtained using the maximum-entropy method ͑see the text͒. We determined D ʈ and D Ќ using the Green-Kubo relation between the linear velocity time correlation function C (t)ϭ͗(0)(t)͘ and the diffusion coefficient
where ␣ is the linear velocity of a molecule either parallel (␣ϭ ʈ ͒ or perpendicular ͑␣ϭЌ͒ to the director. Here k B is the Boltzmann constant, T is the absolute temperature, m is the molecular mass, and ␣ is the correlation time defined as the integral over the normalized time correlation function ͑TCF͒. The TCFs for 5CB are displayed in Fig. 4͑a͒ and the corresponding diffusion coefficients are D ʈ ϭ 3.0ϫ10 Ϫ10 and
Within error limits, these values are identical to those found in our previous MD simulation of neat 5CB at 300 K. 21 The temperature difference ͑10°lower in the present study͒ is compensated by the reduced density and the translational diffusion remains, therefore, unchanged. Quasielastic neutron scattering 22 ͑QENS͒ has been used to determine the diffusion of 5CB in the nematic phase and these measurements yielded at 297 K;
, indicating that our simulated diffusion coefficients are slightly to high. It is nevertheless encouraging to see that the D ␣ values obtained from the MD simulation are on the same order of magnitude as those determined by QENS. It is also important to remember that measurements of translational diffusion in thermotropic liquid crystals are neither trivial nor free from artefacts. 19 The linear velocity TCFs for benzene in the isotropic and nematic phase are shown in Fig. 4͑b͒ . Only the correlation function corresponding to the Z-axis of the cubic simulation box is displayed for the liquid phase. The X and Y components are virtually identical to the Z component since all three directions in space are equivalent in an isotropic system. The diffusion coefficient in liquid benzene is 2.2ϫ10 Ϫ9 m 2 s Ϫ1 which is in agreement with experimental data 23 and previous computer simulations. 24 As reflected by the TCFs in Fig. 4͑b͒ , the diffusive motion of benzene parallel and perpendicular to n are different from each other in the nematic mesophase. The diffusion coefficients for the solute in the liquid crystalline phase are as follows;
In accordance with other studies of small solutes in nematic solvents, the anisotropy of the diffusion of benzene is significantly smaller than that of 5CB. 6, 19 Zax et al. have exploited multiple quantum NMR to determine the translational diffusion of benzene in a nematic liquid crystal. 25 These measurements yielded D ʈ ϭ1.1ϫ10 Ϫ10 and
The temperature was in this study not specified which makes a direct comparison between experimental and simulated values impossible. However, it is clear that the ratio D ʈ /D Ќ for benzene is well reproduced in the MD simulation.
V. MOLECULAR REORIENTATION
A wide range of spectroscopic methods can give information about dynamic processes on a molecular level. For example, nuclear spin relaxation is a well-established technique which provides useful knowledge about molecular reorientation. 26 Although powerful, this method yields only indirect information. To extract motional parameters such as correlation times, one has to employ a theoretical model of the motion. Computer simulation has turned out to be a valuable tool in developing and testing such models.
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A. Basic definitions and limiting values
A convenient way to characterize the rotational motion is by using orientational time correlation functions
where D mn L (⍀) is a Wigner rotation matrix element of rank L, and ⍀ϭ͕␣,␤,␥͖ is a set of time dependent Euler angles relating the orientation of the director frame D to the molecular fixed axis system M . In contrast to isotropic liquids, TCFs in ordered systems can couple tensorial properties of different rank ͑i.e., L may differ from LЈ͒. We will concentrate on correlation functions with LϭLЈϭ2 which, from an experimental point of view, are among the most important ones. Second rank TCFs appear, e.g., in the expressions for nuclear spin relaxation rates and Raman band shapes. In the following we simplify the notation by dropping the superscripts L and LЈ on . Note that only the real part of mn;m Ј n Ј (t) needs to be considered. Symmetry arguments involving both the molecules and the phase may be used to reduce the number of independent TCFs. This issue has been discussed in a series of papers by Zannoni and co-workers. [28] [29] [30] The phase symmetry enters through the indices m and mЈ, whereas n and nЈ are related to the symmetry of the molecule. The simplest possible situation in an ordered system occurs when both molecule and mesophase possess axial symmetry, leading to the following selection rule
where ␦ mm Ј is the Kroenecker delta. In this case, we have nine independent orientational correlation functions mn (t) with m and n equal to 0, 1, or 2.
The initial values of the TCFs ͗D mn 2 *(⍀(0)) D mn 2 (⍀(0))͘ can be expressed in terms of the orientational order parameters. 31 Explicit relationships valid for cylindrically symmetric particles in a uniaxial phase are given in Table II . Notice that the second rank correlation functions at tϭ0 depend on both ͗P 2 ͘ and ͗P 4 ͘. These expressions are model independent and provide, therefore, a useful check of the previously determined order parameters. In Table II we compare mn (0) obtained directly from the correlation functions with initial values calculated using the order parameters given in Sec. III. The agreement is satisfactory for both benzene and 5CB.
The values of the correlation functions at the other time limit, i.e., when t→ϱ, are also model independent; mn ͑ϱ͒ϭ͗D mn 2 * ͗͘D mn 2 ͘,
͑9͒
which simply corresponds to a product of two second rank order parameters. In isotropic liquids there is no long range orientational order and all TCFs decay to zero. For a uniaxial molecule in a nematic liquid crystal there exists only one nonvanishing order parameter of rank two; ͗D 00 2 * ͘ϭ͗D 00 2 ͘ ϭ͗ P 2 ͘. Consequently, all correlation functions are expected to decay to zero except 00 (t) which should approach
This is as far as we can go without invoking a dynamic model for the molecular reorientation.
B. The small step rotational diffusion model
Rotational dynamics of molecules in isotropic as well as in anisotropic systems is often described by the small step diffusion model. 32 This model is based on the assumption that molecular reorientations proceed through a random sequence of infinitesimal angular jumps. For a rigid uniaxial molecule, it is possible to define a molecular fixed frame in which the rotational diffusion tensor is diagonal with principal components R ʈ and R Ќ . R ʈ describes the spinning motion of the molecule about its symmetry axis whereas R Ќ refers to the tumbling motion of the symmetry axis.
To derive expressions for mn (t), one must solve the rotational diffusion equation in the presence of a macroscopic restoring potential U(␤). The overall shape of U(␤) is dictated by the symmetry of the phase. The apolarity of a nematic mesophase requires, e.g., the ordering potential to be an even function. In general, the correlation functions may be written as infinite sums of decaying exponentials
where a i and b i are determined numerically. In practice, Eq. ͑10͒ has to be truncated and a single exponential approximation has often been employed 8, 34 mn ͑t͒ϭ mn ͑ϱ͒ϩ͓ mn ͑0͒Ϫ mn ͑ϱ͔͒exp͓Ϫt/ mn ͔. ͑11͒
The above equation has a number of attractive properties; ͑i͒ it is analytically very simple, ͑ii͒ it is exact at tϭ0 and at tϭϱ, ͑iii͒ it is exact in the limits of perfect as well as of vanishing orientational order ͑i.e., in isotropic systems͒, and ͑iv͒ it is exact to linear order in time for short times. Several authors have derived expressions for the correlation time mn appearing in Eq. ͑11͒. Moro and Nordio 35 used a perturbation calculation, while Szabo 36 and Kirov et al. 37 employed a short time expansion. Interestingly, these two approaches yield identical results for mn :
The coefficients c mn , which depend on ͗P 2 ͘ and ͗P 4 ͘, are tabulated in Ref. 37 . In the isotropic limit, c mn reduces to 6 for all combinations of m and n. Hence, the rotational diffusion model predicts in this case m-independent TCFs. The correlation functions for benzene in the isotropic liquid phase are shown in Fig. 5 
͑⍀͑0͒͒͘. ͑13͒
The anisotropic motion of benzene manifests itself by the clear n dependence. As expected on symmetry grounds, the correlation functions do not depend on the director index m. The short time behavior ͑tϽ0.5 ps͒ is nonexponential indicating that the nature of the motion is not diffusive. A relatively free molecular rotation is possible at these short times and Gaussian-shaped TCFs, characteristic of an inertial-type of motion, are observed. 38 After this first inertial effect, the correlation functions with nϭ0 or 1 decay approximately as single exponentials. On the other hand, the simulated TCFs with nϭ2 deviate significantly from the diffusion model in the entire time interval. A possible explanation could be that the spinning motion of a benzene molecule is dominated by inertial and not by diffusive reorientation. This complicated behavior makes it impossible to extract both R ʈ and R Ќ from the orientational time correlation func- tions. We have nevertheless fitted m0 (t) to single exponentials in the time interval 1-5 ps, which resulted in an average correlation time m0 ϭ Ќ ϭ1.5 ps. Similar values of Ќ have previously been obtained from MD simulations, 6, 24 and from NMR and Raman experiments. 39 For example, Dölle et al. have performed nuclear spin relaxation measurements in liquid benzene and found a value of Ќ ϭ1.6 ps at 293 K. 40 The simulated TCFs for benzene in the liquid crystalline mixture are shown in Fig. 6 . The correlation functions are in this case dependent on both m and n. These curves exhibit several characteristic features which we also observed for isotropic benzene; ͑i͒ a Gaussian beginning signifying initial free rotation, ͑ii͒ m0 can, after a rapid initial decay, be approximated by single exponentials, and ͑iii͒ m2 are strongly nonexponential. To facilitate a direct comparison with the rotational motion of benzene in the isotropic phase, the three decays in Fig. 6͑a͒ were fitted to an exponential between 2 and 12 ps. The correlation times, corresponding to these exponentials, were found to be; 00 ϭ32 ps, 10 ϭ17 ps, and 20 ϭ16 ps. By using Eq. ͑12͒ together with the second rank and fourth rank order parameters from Sec. III, we obtained an estimate of Ќ Ϸ20 ps ( Ќ ϭ1/6R Ќ ͒.
Comparison of this correlation time with the one calculated in the liquid phase shows that Ќ increases by an order of magnitude from an isotropic liquid to a liquid crystal. It should, however, be remembered that the simulation of the binary mixture was performed at 290 K, while isotropic benzene was simulated at 300 K. To preserve reasonable statistical significance, the correlation functions were only calculated during 12 ps. The TCFs with nϭ0 decay rather slowly and the infinite time limits are clearly not reached within this time duration.
Orientational time correlation functions for 5CB are displayed in Fig. 7 . These TCFs were calculated for a coordinate system attached to the cyano ring, with the z-axis in the direction of the para axis. By this choice, the influence from internal bond rotations on the simulated correlation functions is avoided. The TCFs depend on both m and n, and have a rapid initial decay. A similar short time behavior was observed in an MD simulation of a one-component mesomorphic system composed of rodlike molecules. 41 In that study, the authors also reported that the second rank correlation functions can be well described by single exponentials after 10 ps. This is in sharp contrast to what we observe in Fig. 7 : Even if the first 50 ps of the TCFs are ignored, Eq. ͑11͒ does still provide an inadequate description of the rotational dynamics of the solvent molecules. We tried to account for the multiexponential decays of the 5CB correlation functions by using the numerical solutions of the rotational diffusion equation provided by Vold and Vold. 33 However, we could not find any combination of R ʈ and R Ќ which is consistent with the curves in Fig. 7 .
The above analysis is based on the approximation that the cyano ring fragment is cylindrically symmetric about the para axis. This assumption is clearly not strictly valid since the local biaxiality of a phenyl ring in 5CB is around ͱ6( ͗D 0Ϫ2 2 ͘ϩ͗D 02 2 ͘)/2Ϸ0.05. 42 Tarroni and Zannoni have investigated the influence of molecular biaxiality on correlation functions. 28 Their calculations indicate that the effect for TCFs with nϭnЈ ͑i.e., the type of correlation functions which we consider͒ is small. Therefore, we do not believe that the failure of the diffusion model in describing the rotational dynamics of 5CB is a consequence of molecular asymmetry. 
VI. MOLECULAR STRUCTURE AND INTERNAL ROTATIONAL MOTION
It is well known that molecular structure and internal bond rotations greatly influence the physical properties of a liquid crystal. 43 The determination of conformational distributions usually involves NMR experiments in which through-space magnetic dipole-dipole ͑DD͒ couplings are measured. 44, 45 The extracted set of DD couplings must be interpreted within a theoretical framework, and the estimated probability distributions will depend on the model employed. Fortunately, this model-dependence is often rather small. 46 It is much more difficult to study the rate of rotations about molecular bonds. A careful analysis of NMR lineshapes can, under favorable conditions, provide information about the internal dynamics. These motions are, however, usually so fast in molecules confined in liquid crystalline or isotropic phases so that the dynamical information is lost. In this fast-motion regime one can instead measure nuclear spin relaxation rates which are sensitive to the rate of conformational changes. The main problem associated with this approach is that the spin relaxation may be dominated by other motions such as overall molecular tumbling and director fluctuations. 47 Computer simulations are ideally suited for investigations of molecular structure and internal dynamics since we have complete knowledge of the temporal development of each atom coordinate in the simulation cell. This leads to a unique opportunity to disentangle the internal motion from the overall molecular reorientation, and hence to a possibility to study bond rotations directly.
We will concentrate on the inter-ring angle and the first dihedral angle in the chain ͑⌰ 1 , and ⌰ 2 in Fig. 1͒ since they have been studied experimentally. The motions of segments located further out in the aliphatic chain of 5CB were briefly discussed in our previous paper.
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A. Effective torsional potentials
The internal rotational motions of an isolated molecule are in an MD simulation modeled using bonded as well as nonbonded interactions. The first contribution consists of a ''naked'' torsional potential whereas the latter includes the electrostatic and Lennard-Jones terms. Moreover, the molecular dihedral angles may be affected by anisotropic intermolecular interactions.
A convenient way to examine dihedral angles is to calculate an effective torsional potential V eff (⌰) from p͑⌰ ͒ϭC exp͓ϪV eff ͑ ⌰ ͒/RT͔, ͑14͒
where p(⌰) is the torsional angle distribution function, C is a normalization constant, and R is the molar gas constant. Effective torsional potentials for ⌰ 1 and ⌰ 2 are shown in Fig. 8 . The functions are not exactly symmetric about ⌰ϭ90°, as they should be for 5CB. This is because the MD simulation does not sample the whole conformational space properly. The noisy region at ⌰ ϭ 90°for the inter-ring angle is another consequence of insufficient dihedral angle sampling. The structure of a biphenyl molecule is very sensitive to the aggregation state: The angle of twist is ϳ 45°in the gas phase, close to 0°in the solid phase, and ϳ 35°when dissolved in isotropic or anisotropic liquids. 46, 48 NMR has been used to determine the conformation of the cyanobiphenyl fragment in neat 5CB. 42, 44, 49, 50 These measurements, which were performed in the nematic phase, yielded a torsional angle value of ϳ 35°. The inter-ring angle depicted in Fig. 8 has a minimum energy conformation at ⌰ 1 ϭ 39°, which correlates well with the experimental results discussed above. This confirms that our force field parameters adequately describe the main structural features of the cyanobiphenyl moiety. It is more difficult to assess the correctness of the potential barrier heights. An additive potential ͑AP͒ analysis 50 of proton DD couplings obtained in neat 5CB indicates that V eff (⌰ 1 ϭ 0°) Ϸ 2 and V eff (⌰ 1 ϭ 90°)Ϸ5 kJ mol Ϫ1 , i.e., somewhat lower than the values found in the MD simulation; V eff (⌰ 1 ϭ 0°)Ϸ7 and V eff (⌰ 1 ϭ90°)Ϸ14 kJ mol Ϫ1 . On the other hand, a structural investigation of 4-methoxy-4Ј-cyanobiphenyl yielded V eff (⌰ 1 ϭ0°)Ϸ5 and V eff (⌰ 1 ϭ 90°) Ϸ 12 kJ mol Ϫ1 using the AP method. 51 The effective torsional potential for the ring-chain bond exhibits a broad minimum when the chain is oriented perpendicular to the ring plane ͑i.e., at ⌰ 2 ϭϮ90°͒, with a barrier to rotation of around 5 kJ mol Ϫ1 . The conformation of this 5CB fragment was recently studied by Emsley et al. exploring proton NMR spectroscopy. 52 The rotational potential obtained in that investigation has a minimum at Ϯ90°, in agreement with our result. The barrier height determined from the NMR experiments ͑Ͼ22 kJ mol Ϫ1 ) is, however, larger than that observed in the MD simulation. This is of course a reflection of our particular choice of molecular force field.
B. Dihedral dynamics
The torsional angle history of a representative 5CB molecule is plotted in Fig. 9 . Temporal developments are shown for the 510 ps long production run. We start with discussing the internal dynamics of the inter-ring angle ⌰ 1 . Three distinct motions are easily observed in Fig. 9͑a͒ : ͑1͒ A very fast torsional libration within the four equivalent potential wells located about ⌰ 1 ϭϮ39°and ⌰ 1 ϭϮ141°͑cf. Fig. 8͒ . This motion occurs on a subpicosecond timescale and has a rootmean-square ͑RMS͒ fluctuation of 11°. ͑2͒ Transitions which involve a passage over barriers at ⌰ 1 ϭ0°and ⌰ 1 ϭ180°. We will refer to this as a low barrier crossing ͑LBC͒. ͑3͒ Transitions over the potential barriers at ⌰ 1 ϭϮ90°which will be called high barrier crossings ͑HBC͒. The latter type of transition occurs only twice for the particular 5CB molecule described in Fig. 9͑a͒ ͑one at ϳ210 ps and the other at ϳ420 ps͒. We have calculated transition rates for LBCs and HBCs, and found the following; k LBC ϭ84 and k HBC ϭ3 ns
Ϫ1
. These numbers represent averages over all solvent molecules. The rates were calculated by counting the total number of transitions and dividing by the production time duration. A transition was counted when the torsional angle crossed a potential barrier and reached the bottom of the well corresponding to the new minimum energy conformation.
The dihedral angle history for the ring-chain bond ⌰ 2 is shown in Fig. 9͑b͒ . In this case, the internal dynamics consists of two types of motion: ͑1͒ Fast torsional librations with an RMS fluctuation of 28°. This value is considerably higher than that observed for the inter-ring angle. The reason for this behavior is that the wells of the rotational potential for ⌰ 2 are much broader than those for ⌰ 1 ͑see Fig. 8͒ . ͑2͒ Passages over barriers at ⌰ 2 ϭ0°and ⌰ 2 ϭ180°. The transition rate for this type of motion is 88 ns Ϫ1 , i.e., close to what we found for k LBC . The similarity between these two rates stems from the fact that both transitions involve a barrier crossing of height ϳ6 kJ mol Ϫ1 .
VII. SUMMARY
We have in this article presented results from an MD simulation of benzene dissolved in the nematic liquid crystal 5CB. A large number of static and dynamic molecular characteristics of both the solute and solvent were extracted from the trajectory. Many of the orientation and time dependent properties obtained are essentially not accessible by experimental means.
The singlet orientational distribution functions were reconstructed from the order parameters using two different approaches; a truncated orthogonal expansion and a maximum-entropy function. It was found that the latter was superior for both benzene and 5CB. In fact, knowledge of ͗P 2 ͘ alone provides, using the ME method, a probability distribution in remarkably good agreement with the simulated one ͑cf. Fig. 3͒ .
The transport properties discussed in Sec. IV confirm that translational diffusion along the director is faster than diffusion perpendicular to the director in a nematic liquid crystal. The anisotropy ratio D ʈ /D Ќ is 2.5 for 5CB and 1.1 for benzene which is a reasonable result given the difference in molecular shape.
Molecular reorientation was examined in terms of orientational time correlation functions. The short time behavior of the TCFs for benzene exhibit characteristic features of an inertial component. We analyzed the correlation functions employing the small step rotational diffusion model and the conclusions may be summarized as follows: ͑i͒ The reorientation of the C 6 axis in liquid benzene is rather well described by the diffusion model. The correlation time of this motion increases by an order of magnitude from the isotropic liquid to the liquid crystalline phase. ͑ii͒ Benzene correlation functions with nϭ2 ͑i.e., those which depend strongly on the spinning motion͒ are not adequately described by small step diffusion. This holds true for both the isotropic and the anisotropic system. It is not easy to assess the reliability of these findings since we exploited united atoms for the solute. However, a previous MD simulation of liquid benzene using a twelve-site ab initio potential indicated also departure from pure rotational diffusion. 24 ͑iii͒ The time correlation functions for 5CB do not exhibit a single exponential decay at long times-an assumption often made in experimental analyses. A more rigorous treatment, based on numerical solutions of the Smoluchowski equation, 33 did also fail in ac-counting for the observed molecular reorientation. It is beyond the scope of this article to establish what sort of motional model that best describes the set of orientational correlations in Fig. 7 . We merely note that a routine use of Eq. ͑11͒ in experimental data analysis may lead to a drastically erroneous picture of molecular motions.
Computer simulations offer a unique possibility to study molecular structure and internal dynamics in a model independent fashion. It proved very useful to correlate effective torsional potentials with the dihedral angle history. For example, one may easily estimate transition rates and the spatial extent of torsional librations.
